Biofilms are composed by microorganisms attaching to each other, often associated with a surface, and typically encased within an extracellular matrix (ECM) complex polysaccharide. The ECM produces a structural scaffold for cohesion between cells, and to surfaces (Flemming & Wingender, 2010 , O'Toole, 2003 . In addition, the ECM can contribute to the retention of nutrients and water and also provide structural integrity and protection to the biofilm cells.
In a human host this protection is mainly against cells of the immune system, and often has a role in resistance to antifungal therapies (Costerton et al., 1999; Donlan, 2001; Flemming & Wingender, 2010) . The ECM of fungal biofilms is composed of different classes of macromolecules, such as proteins, carbohydrates, lipids and nucleic acids (Cegelski, 2015; Martins et al., 2010; Reichhardt et al., 2015; Zarnowski et al., 2014) .
The fungal pathogen Candida albicans frequently forms biofilms on implanted medical devices and the environmental circumstances strongly affect ECM production (Hawser et al., 1998) . C. albicans biofilm development involves a series of sequencial events. In the adherence step, the yeast cells adhere to a substrate. Then, the cells proliferate to establish microcolonies and produce elongated projections that yield the filamentous forms. In the maturation step occurs the accumulation of the ECM, biofilm expansion and increased drug resistance (Finkel & Mitchell, 2011) . Initial investigations identified proteins, hexosamine, carbohydrates, phosphorus, uronic acid and extracellular DNA (eDNA) as components of the C. albicans ECM (Al-Fattani & Douglas, 2006; Baillie & Douglas, 2000) . Several groups have since perfomed comprehensive analysis of the composition and relative abundance of each C. albicans ECM component. Unexpectedly, the β-1,3 glucan, an earlier identified sugar with important role in the ECM, was much less abundant when compared to β-1,6
glucan and α-1,6 mannan (Al-Fattani & Douglas, 2006; Faria-Oliveira et al., 2014; Thomas et al., 2006; Zarnowski et al., 2014; ) . However, increased susceptibility to fluconazole treatments, both in vivo and in vitro, was observed when biofilms were treated with β-1,3 glucanase. Further studies have shown a role for β-1,3 glucan in the resistance to other antimicrobial agents in C. tropicalis, C. parapsilosis, and C. glabrata (Fernandes et al., 2015; Mitchell et al., 2013; Nett et al., 2010; Yi et al., 2011) . Although there are similar polysaccharides found in the ECM and cell wall of C. albicans, several studies suggest that synthesis of the ECM polysaccharides is regulated by pathways distinct of those involved in cell wall synthesis (Chaffin, 2008) . In C. albicans, ECM synthesis and biofilm production are regulated by specific transcription factors that govern morphological changes, adhesion and ECM production. The two main transcription factors are Bcr1p, a regulator that positively affect the expression of many adhesins during biofilm formation (Nobile & Mitchell, 2005; Srikantha et al., 2013) , and Zap1p, which negatively regulates the expression of genes required for β-1,3 glucan production (Nobile et al., 2009 ). Fks1p, a β-1,3 glucan synthase, is involved directly in production of β-1,3 glucan and this enzyme controls the level of this ECM polysaccharide (Nett et al., 2010 , Taff et al., 2012 . The deletion of SMI1 or RLM1, members of kinase C (PKC) pathway, resulted in lower levels of β-1,3 glucan in the ECM and in azole susceptibility . These phenotypes were repaired by FKS1 overexpression in the deletion mutants. However, no effect was observed when upstream components of the PKC pathway were deleted . These results clearly demonstrate that the PKC pathway regulates in a distinct manner the mechanisms involved in biofilm ECM production compared to general cell wall integrity.
Aspergillus fumigatus, the principal airborne fungal pathogen, grows as a typical biofilm with hyphae surrounded by an ECM (Beauvais et al., 2007 (Beauvais et al., , 2014 Loussert et al., 2010) . A. fumigatus biofilms can be produced during chronic pulmonary infections such as asthma, cystic fibrosis, obstructive pulmonary disease and allergic bronchopulmonary aspergillosis (Taylor et al., 2014; Xu et al., 2013) . On rare occasions, A. fumigatus biofilms are found on medical devices for healthcare (Loussert et al., 2010; Ramage et al., 2011) . The initial studies of ECM components of A. fumigatus biofilms showed the presence of galactomannan, galactosaminogalactan, (GAG), α-1,3 glucan, proteins, polyols and melanin. Furthermore, eDNA has been detected in biofilms produced by A.
fumigatus. Immunolabeling analysis of the in vitro secreted proteins in A.
fumigatus ECM showed the presence of two major antigens, dipeptidylpeptidase V (DPPV) and catalase B (CatB), and one allergen, AspF1 (Rajendran et al., 2013) . Several studies have demonstrated that the presence of GAG in the A. fumigatus ECM is an important virulence factor that permits the fungus to avoid the host innate immune system (Fontaine et al., 2011; Gravelat et al., 2013; Gresnigt et al., 2014; Robinet et al., 2014) . Microarrays and RNA sequencing (RNAseq) analysis of A. fumigatus biofilms showed transcriptional up-regulation of hydrophobins and some important genes involved in biosynthesis of secondary metabolites. As expected, cell surface proteins and some proteins involved in adhesion, such as glycophosphatidylinositol (GPI)-anchored cell wall were found to be upregulated in A. fumigatus biofilms (Gibbons et al., 2012; Muszkieta et al., 2013) .
It has been reported that A. fumigatus biofilm production increased resistance to azoles, echinocandins and polyenes (Beauvais et al., 2007; Mowat et al., 2007 Mowat et al., , 2008 Seidler et al., 2008) . The mechanisms involved in the resistance of A.
fumigatus biofilms to antifungal drugs include the increased expression of multidrug resistance (MDR) pumps (Muszkieta et al., 2013 , Ramage et al., 2012 , antioxidant defenses (Bruns et al., 2010; Delattin et al., 2014) , Hsp90 (Robbins et al., 2011) , and the presence of persister cells (Beauvais & Müller, 2009 ).
Despite these findings, the regulation of biofilm formation in A. fumigatus is relatively unknown. Some work showed that production of GAG is dependent on proteins that regulate development, including StuA (Gravelat, et al., 2013) , MedA (Al Abdallah et al., 2012; Gravelat, et al., 2010 Gravelat, et al., , 2013 , SomA (Lin et al., 2015) , and more recently PtaB, a lim-domain binding protein that regulates biofilm formation (Zhang et al., 2017) . Recent studies by our group showed that
SitA and PtcB phosphatases are important for ECM production and biofilm formation in A. fumigatus (Bom et al., 2015; Winkelströter et al., 2015a) .
Biofilms have the capacity to resist commonly used doses of antimicrobial agents, and this characteristic has become an important clinical issue. Thus, the characterization of proteins and pathways involved in biofilm production is essential to understand the genetic control of fungal biofilm development and the establishment of a biofilm in a host during A. fumigatus infection.
This work aimed to investigate the role of MAP kinases and protein phosphatases in biofilm formation. Here we presented evidence which support the role of Aspergillus fumigatus MAP kinases and phosphatases in controlling biofilm formation, ECM production, adhesion, cell wall composition as well as pathogenicity and virulence.
Material and Methods

Ethics statement
The principles that guide our studies are based on the Declaration of Animal
Rights ratified by the UNESCO in January 27, 1978 in its 8th and 14th articles.
All protocols used in this study were approved by the local ethics committee for 
Strains and media
The A. fumigatus strains used in this study are described in (w/v) agar, pH 6.5) was also applied. Trace elements, vitamins, and nitrate salts were described by (Kafer, 1977) .
Phenotypic assays
The phenotypes of the deletion mutants were evaluated by radial growth at different temperatures, in the presence or absence of stressing agents. Five µl of a concentration of 2×10 7 for the wild-type and mutant strains were spotted on different growth media and grown for 96h at 37 °C.
The adherence to fibronectin was assessed according to Gravelat et al. (2010) with modifications. Briefly, wells from a sterile 96-well flat-bottom polystyrene Finally, the crystal violet was eluted from the wells using 200 µL of 100% ethanol, and the absorbance was measured at 590 nm. The capacity of adhesion to plastic surface was performed similarly to described above except by the fact the wells were not covered with fibronectin (Mowat et al., 2007) . All the experiments were performed at least three times.
Staining for dectin-1, chitin, and other carbohydrates
This procedure was performed as described by Graham et al. (2006) , Winkelströter et al. (2015) . Briefly, A. fumigatus conidia (2x10 
SYTO9 fluorescence assay
Adhesion of A. fumigatus conidia to polystyrene surface was assessed by SYTO9 fluorescence assay (Honraet et al., 2005) . Briefly, A. fumigatus conidia (
) were grown in RPMI media in black 96 well polystyrene plate for 90min at 37 °C. The culture medium was removed and any non-adherent cells were washed off with distilled water. Subsequently, adherent cells were stained with 100 µL of SYTO 9 dye (10 µM) for 15 min at 37 o C. Fluorescence was then measured using a microtiter plate reader (FLUOstar omega, BMG Labtech) at an excitation and emission wavelength of 485 nm and 505 nm, respectively.
Scanning electron microscopy (SEM)
Standardized conidia of ∆pphA and its parental strain were inoculated in RPMI medium onto Thermanox coverslips (13 mm) within a 24-well tissue culture plate. After 24h incubation at 37°C, biofilms were processed and imaged as previously described (Erlandsen et al., 2004) . Briefly, the biofilms were washed in PBS and fixed in 2% paraformaldehyde, 2% glutaraldehyde, and 0.15% (w/v) alcian blue in 0.15 M sodium cacodylate (pH 7.4). The biofilms were sputter coated with gold and viewed under a JEOL JSM-6400 scanning electron microscope in high vacuum mode at 10 kV.
Transmission Electron microscopy (TEM)
Preparation of samples was as previously described (Walker et al., 2008) 
Dictyostelium discoideum phagocytosis assay
D. discoideum was grown in Petri dishes for 16 hours at 22 ° C in HL5 (axenic medium) supplemented with streptomycin sulfate (300 µg / mL).
Subsequently, the plates were washed and the supernatant was centrifuged for 5 min at 1500 rpm, the supernatant was discarded, and the pelleted cells were resuspended in 3 mL of HL5 medium. The density of D. discoideum cells was determined by counting the cells in a hemocytometer as described at http://dictybase.org/. As described by Hillmann et al. (2015) , 10 were added to a six-well plate and the plate was incubated at 22°C for 5 hours, after which time the 50 D. discoideum cells were counted and the number of phagocytosed conidia evaluated.
Murine model of pulmonary aspergillosis
The murine model of pulmonary aspergillosis was performed according to inspected twice daily. In the majority of cases, the endpoint for survival experimentation was identified when a 20% reduction in body weight was recorded, at which time the mice were sacrificed. The statistical significance of comparative survival values was calculated using log rank analysis using the Prism statistical analysis package. Additionally, at 3 days post infection, 2 mice per strain were sacrificed and the lungs were removed, fixed, and processed for histological analysis.
Lung histopathology and fungal burden
After sacrifice, the mice lungs were removed and fixed for 24 h in 3. 7% (v/v) formaldehyde-PBS. Samples were washed several times in 70% (v/v) alcohol before dehydration in a series of alcohol solutions of increasing concentrations.
Finally, the samples were diafanized in xylol and embedded in paraffin. For each sample, sequential 5-µm-thick sections were collected on glass slides and stained with Gomori methenamine silver (GMS) or hematoxylin and eosin (HE) stain following standard protocols (Greenberger, 2002) . Briefly, sections were deparaffinized, oxidized with 4% chromic acid, stained with methenamine silver solution, and counterstained with hematoxylin. Tissue sections were also stained with hematoxylin and eosin for histological examination to determine lung damage. All stained slides were immediately washed, preserved in mounting medium, and sealed with a coverslip. Microscopic analyses were performed using an Axioplan 2 imaging microscope (Carl Zeiss) at the stated magnifications under bright-field conditions.
To investigate fungal burden in the lungs, mice were infected as described previously, but with a higher inoculum of 1×10 6 conidia/20 µL. A higher inoculum, in comparison to the survival experiments, was used to increase fungal DNA detection. Animals were sacrificed 72 h post infection, and both lungs were harvested and immediately frozen in liquid nitrogen. Samples were homogenized by vortexing with glass beads for 10 min, and DNA was extracted via the phenol-chloroform method. DNA quantity and quality were assessed using a NanoDrop 2000 spectrophotometer (Thermo Scientific). At least 500 ng of total DNA from each sample was used for quantitative real-time PCR. A primer and a Lux probe (Invitrogen) were used to amplify the 18S rRNA region of A. fumigatus and an intronic region of mouse GAPDH (glyceraldehyde-3-phosphate dehydrogenase). Six-point standard curves were calculated using serial dilutions of gDNA from all the A. fumigatus strains used and the uninfected mouse lung. Fungal and mouse DNA quantities were obtained from the threshold cycle (CT) values from an appropriate standard curve. Fungal burden was determined as the ratio between picograms of fungal and micrograms of mouse DNA.
Determination of TNF-α α α α levels
For cytokine determination, bone marrow derived macrophages (BMDMs) from C57BL/6 mice were prepared as previously described (Marim et al., 2010) .
Briefly, bone marrow cells from femurs of adult mice were cultured for 6 days in 
Statistical analysis
All data, except the survival curves, were analyzed using t-test (Prism, GraphPad) with significance levels of **p <0.01 and ***p <0.001.The statistical significance of comparative survival values was calculated using log rank analysis using the Prism statistical analysis package.
Results
MAPKs are important for biofilm formation
Initially, we assessed the adhesive capacity of the respective mutants, which is the initial step in the foundation of biofilm formation, to assess the impact of loss of the MAP kinases on the adherence to plastic or fibronectin. Germlings of the ∆mpkA, ∆sakA, and ∆mpkC ∆sakA mutants displayed reduced adherence to polystyrene plates ranging from 70 to 75% when compared to the wild type. The adherence to fibronectin-coated plates was reduced ranging from 50 to 60% when comparing the mutants ∆mpkA, ∆sakA, and ∆mpkC ∆sakA to the wild type strain ( Figures 1A and B) . Scanning electron microscopy (SEM) of the mycelia revealed that ∆sakA, ∆mpkC, ∆mpkC ∆sakA, and ∆mpkA influenced to different extents the cell surface and the ECM during biofilm formation ( Figure   2 ). The surface of the MAP kinase null mutants appeared to have reduced ECM, which was in stark contrast to the wild-type strain (Figure 2 ). This Figure 3A ), 50% less GAG ( Figure   3C ), 50% less mannose ( Figure 3E ), 40% less chitin ( Figure 3G ), and 40% more β-glucan ( Figure 3H ). In contrast there was 50 % more GAG in the ∆mpkC, ∆sakA, ∆mpkC ∆sakA mutants ( Figure 3D ). Previously, we have
shown that the intensity of CFW staining per fungal area was 30% higher in ∆mpkC mutant than wild-type and complemented strains, while ∆sakA and ∆mpkC ∆sakA were 20% lower than wild-type and complemented strains (Bruder Nascimento et al., 2016) . Moreover, the ∆mpkC, ∆sakA and ∆mpkC ∆sakA mutant strains were shown to have more abundant β-glucans than the wild-type and complemented strains. The intensity of dectin-1 staining per fungal area was 50, 40, and 30% higher in the ∆mpkC, ∆sakA and ∆mpkC ∆sakA mutants, respectively compared with wild-type strain (Bruder Nascimento et al., 2016) .
Next step, we characterized the distribution of WGA-FITC, SBA-FITC, and
ConA-FITC binding (Figures 4 A to C) to phosphatase null mutants previously
shown to be involved in modulating MpkA or SakA phosphorylation, ∆sitA, ∆ptcB, and ∆pphA (Winkelströter et al., 2015a, b; Bom et al., 2015) . A number of differences were observed when the mutants were compared with the wildtype and the corresponding complemented strains (Figures 4A to H) . We have observed 40% more WGA-FITC binding to ∆pphA and four-fold less to ∆ptcB ( Figure 4A ), 50 to 60% less SBA-FITC binding to ∆pphA and ∆sitA ( Figure 4B ).
In addition there was 20% more mannose in ∆pphA and 50% and 10% less mannose in ∆sitA and ∆ptcB, respectively ( Figure 4C ). Again, we have previously shown the intensity of dectin-1 and CFW staining per fungal area was two-fold and 25% higher in the ∆ptcB mutant compared to wild−type strain (Winkelströter et al., 2015a) . The intensity of dectin-1 and CFW staining per fungal area was 40% and 20% higher in ∆sitA mutant than wild−type strain (Bom et al., 2015) . All these modifications in the cell wall increase the MAP kinase, ∆ptcB, and ∆sitA mutants conidial phagocytosis by Dictyostelium discoideum in about two to three-fold when compared to the wild-type and complemented strains ( Figures 5A to F) .
Collectively, our results demonstrate that MAP kinases and phosphatases that affect MpkA and SakA phosphorylation, influence the carbohydrate content and exposure at the cell wall, thus impacting adhesion, biofilm formation and phagocytosis by Dictyostelium.
PphA is a novel phosphatase that affects the CWI pathway
We decided to investigate in more detail the ∆pphA phosphatase mutant.The ∆pphA mutant has less chitin and more β-1-3 glucan than the wild-type and complemented strains. The intensity of CFW and dectin-1 staining were 80% lower and 30% higher in the ∆pphA mutant, respectively compared with wildtype strain ( Figures 6A and B Figure 6E ). Possible modifications in the cell wall decrease ∆pphA conidia phagocytosis by about 30% when compared to the wild-type and complemented strains ( Figure 6F ).
Germlings of ∆pphA showed comparable % adherence to polystyrene plates and fibronectin-coated plates (Figures 6G). Furthermore, a sensitive SYTO 9
fluorescence based assay showed a significant (p<0.05) reduction of about 4 fold in adherence with pphA compared to the wild type strain ( Figure 6H ).
Additional evidence for a role of PphA in biofilm formation and in the organization of the cell wall was provided by SEM and TEM (Transmission Electron Microscopy) analyses ( Figure 7A ). SEM of the mycelia revealed that
PphA influenced the cell surface and the ECM during biofilm formation ( Figure   7A ). The surface of the ∆pphA appeared smooth, which was in stark contrast to the wild-type strain ( Figure 7A ). TEM analysis showed that untreated ∆pphA germlings grown in MM have about 25% thicker cell walls compared to the wildtype ( Figure 7B ). Further exposure of the ∆pphA germlings to CFW decreased the cell wall thickness about 30% ( Figure 7B ). In contrast, when wild-type strain was exposed to CFW and CR, it had about 50% increased cell wall thickness ( Figure 7B ).
We also investigated if PphA was involved in the MpkA and/or SakA pathways in A. fumigatus, by determining the phosphorylation state of MpkA and SakA in the presence and absence of CR and sorbitol stresses. In both stressing conditions, the phosphorylation levels of MpkA and SakA were similar in both the wild-type and ∆pphA mutant strains (Supplementary Figure S1 ).
Calphostin C, chelerythrine, and cercosporamide have been used as protein kinase C inhibitors in mammals and in fungi (Arpaia et al.,1999; da Rocha et al., 2002; Herbert et al., 1990; Jarvis et al., 1999; Juvvadi et al., 2007; Sussman et al., 2004) . We hypothesize if ∆pphA is modulating the protein kinase C activity, the susceptibility status of ∆pphA to these inhibitors would be altered. The ∆pphA and wild-type growth was similarly inhibited by calphostin C, cercosporamide, and chelerythrine (Supplementary Figure S2) .
Taken together these results strongly indicate that PphA is important for the A.
fumigatus cell wall integrity pathway. However, PphA is not modulating either MpkA, SakA or Protein kinase C activity.
PphA is important for A. fumigatus virulence
The importance of PphA for A. fumigatus pathogenicity was evaluated in a neutropenic murine model of invasive pulmonary aspergillosis ( Figure 8A ).
There are no statistical differences among the wild-type and ∆pphA::pphA Fungal burden was measured by qPCR, ∆pphA had only 15% of the fungal burden of the wild type and complemented strains ( Figure 8B ).
Histopathological examination revealed that at 72 h post-infection the lungs of mice infected with the wild-type or complemented strains contained multiple foci of invasive hyphal growth; the majority of the disease seems peri-bronchiole with some extension into the lung parenchyma ( Figure 8C ). In contrast, ∆pphA infections revealed inflammatory infiltrates in bronchioles, with some containing poorly germinated or non-germinated conidia ( Figure 8C ). Taken together, these results clearly demonstrate that PphA plays an important role in A.
fumigatus virulence.
The impaired ∆pphA CWI together with the dramatic attenuation in virulence could contribute to an altered immune response. Subsequently, the cytokine Tumour Necrosis Factor alpha (TNF−α) levels released from bone marrow derived macrophages (BMDMs) after co-incubation with A. fumigatus conidia, germlings, and hyphae were investigated. TNF−α is an important inflammatory mediator secreted by macrophages when exposed to A. fumigatus (Hayashi et al., 2005; Taramelli et al., 1996) and it has shown to be an important signal in the initiation and maintenance of innate immunity in different animal models of pneumonia (Gosselin, et al., 1995; Laichalk et al.,1996) . The innate immunity represents the principal pathway by which A. fumigatus is cleared from the lung. This innate response consists specially by macrophages, which represent the first line of defense against conidia entering the alveolus, and recruited neutrophils (Schaffner et al., 1982) . Bone Marrow Derived
Macrophages (BMDMs) co-cultured with wild-type, ∆pphA ∆pphA::pphA + showed a comparable TNF−α production when exposed to germlings and hypha ( Figure 8D ). However, the ∆pphA conidia showed about 7-fold TNF-α induction than conidia from the wild−type or complemented strains ( Figure 8D ).
These results suggest that the effect caused by the absence of PphA on conidia is important for macrophage recognition and inducing inflammatory responses.
Discussion
A. fumigatus represents the most common airborne human pathogenic fungus in the world. Humans inhale hundreds of A. fumigatus asexual conidia daily and they cause a number of diseases, ranging from simple allergies to lethal invasive aspergillosis (IA) in immunocompromised patients (Latgé & Steinbach, 2009 ). Although A. fumigatus virulence has been investigated in many studies in recent years (Carberry et al., 2012; Chotirmall et al., 2014; Ding, 2014; Grahl et al., 2012; Haas, 2014; Hartmann et al., 2011; Moore, 2013; Scharf et al., 2012; Schrettl & Haas, 2011; Wezensky & Cramer, 2011) , the signal transduction pathways that are activated during the different clinical forms of the disease are still unclear. Recently, aiming to investigate the signal transduction pathways that make A. fumigatus a successful pathogen, we have characterized the role of Mitogen-Activated Protein (MAP)-kinases and phosphatases in the adaptive response of this fungus to different types of stresses (Bom et al., 2015; Bruder Nascimento et al., 2016; Winkelströter et al., 2015a Winkelströter et al., , 2015b . A. fumigatus has four MAPKs: MpkA, which regulates the cell wall integrity (CWI) signaling and also has a role in the oxidative stress response , MpkC and SakA, the mitogen-activated protein kinases of the high-osmolarity glycerol (HOG) pathway, that are involved in response to osmotic and oxidative stress, play a role in carbon source utilization and caspofungin adaptation (Altwasser et al., 2015; Bruder Nascimento et al., 2016; Du et al., 2006; Reyes et al., 2006; Posas et al., 1996) , and MpkB, homologous to yeast Fus3, still uncharacterized (Elion et al., 1990) . Here, we explored the impact of loss of the MAP kinases and phosphatases on the adhesion properties and biofilm formation in A. fumigatus. Such A. fumigatus biofilms are formed in vitro during static growth on a solid substratum (Beauvais et al., 2007) and in mouse lung with IA and in human lung aspergilloma (Loussert et al., 2010) . Germlings of the ∆mpkA, ∆sakA, and the double ∆mpkC ∆sakA showed reduced adherence. Scanning electron microscopy for the wildtype and the mutant strains demonstrated that all the MAP kinase null mutants displayed altered cell surfaces and have altered ECM production during biofilm formation. In C. albicans, the CWI MAP kinase Mkc1p, the homologue of the A.
fumigatus MpkA, is activated in a contact-dependent manner and it was shown that this kinase is necessary for normal biofilm development and invasive hyphal growth (Kumamoto, 2005) . Another C. albicans kinase, Pkh3, is crucial for cell substrate adherence (Fanning et al., 2012) , an essential stage of biofilm establishment (Finkel & Mitchell, 2011) . Six master transcriptional regulators control C. albicans biofilm development at the genetic level. These six proteins (Efg1, Tec1, Bcr1, Ndt80, Brg1, and Rob1) are required for biofilm development both in vivo and in vitro (Nobile et al., 2012) and regulate the expression of around 1,000 target genes. Bcr1, a transcriptional master regulator of biofilm production, and its cell wall protein targets Hwp1, Als1 and Als3, are needed for adherence during biofilm establishment (Chandra et al., 2001; Nobile et al., 2006a Nobile et al., , 2006b Nobile et al., , 2008 Nobile and Mitchell, 2005; . The distinct phases of biofilm production in C. albicans are regulated by different signaling pathways: yeast to hyphae transition involves Ras/cAMP/PKA (Hogan & Sundstrom, 2009) ; the induction of pseudohyphal growth is controlled by Cek1
MAPK (Srinivasa et al., 2012) ; and the calcium signaling pathways are important for morphogenesis (Sanglard et al., 2003) . For example, the inactivation of the transcription regulator Efg1p (Ras/cAMP/PKA pathway) or Cph1p (MAP kinase pathway) can block hyphal growth and biofilm formation (Lo et al., 1997) . In addition, it was demonstrated that filamentous growth was inhibited in cells deficient in Cdc35p showing the role of the adenylyl cyclase pathway in hyphal development (Rocha et al., 2001) . A recent study involving a collection of 63 C. albicans protein kinase mutants showed that 38 displayed some degree of biofilm defect. Network analysis demonstrated functional redundancy of the proteins involved in some processes, including MAP kinases, since individual components are not required for biofilm formation (Konstantinidou & Morrissey, 2015) . In this work we presented that the single deletion of Map kinases in A. fumigatus caused impaired biofilm formation.
However, it is important to note that some changes in growth conditions for biofilm formation, such as surface support and characteristics of the medium, may produce different results.
We decided to investigate if this decreased biofilm formation could be due to alterations in the exposure of the polysaccharides present in the cell wall. The
A. fumigatus cell wall contains different types of polysaccharides, such as: β-
(1,3)-/ β-(1,4)-glucan, chitin and galactomannan, which are covalently bound to branched β-(1,3)-glucan and α-(1,3)-glucan, which maintain the stability of the cell wall through its adhesive properties . The cell wall of the conidia that are inhaled are different compared to vegetative mycelium. The conidial cell wall has an outer layer composed of melanin and rodlets. These components display hydrophobic properties and prevent immune recognition of airborne fungal spores (Aimanianda et al., 2009 (Aimanianda et al., , 2010 Carrion et al., 2013) . In contrast to this, the external layer of the hypha presents galactosaminogalactan (GAG), an important A. fumigatus virulence factor (Beauvais et al., 2014) . The
A. fumigatus biofilm ECM is mainly composed of galactomannan, GAG, α-1,3
glucan, proteins, polyols, melanin and eDNA (Rajendran et al., 2013) . A.
fumigatus ∆mpkA germlings have reduced exposure of N-acetyl glucosamine, GAG, mannose and chitin, and increased β-1-3-glucan. The cell wall of A.
fumigatus has pathogen-associated molecular patterns (PAMPs) that are identified by pattern recognition receptors (PRRs) on innate immune cells of the host. β-1-3-glucan acts as a PAMP and is recognized by the C-type lectin receptor (CLR) dectin 1 and this process is essential for initial host defense mechanisms in the respiratory tract (Brown & Gordon, 2001; Gessner et al., 2012; Werner et al., 2009 ). The cell wall component GAG, which is secreted during hyphal growth and is present in the A. fumigatus biofilm, mediates adherence and has a role attenuating the host immune response through inducing interleukin-1 receptor antagonist and also by masking β-1,3 glucan (Gravelat et al., 2013; Gresnigt et al., 2014) . Thus, our results show that the ∆mpkA mutant displays changes in exposure of β-1,3-glucan and GAG, the two most important polysaccharides involved in the recognition of the A. fumigatus during host infection.
Recently our group showed that the ∆sakA and the double ∆mpkC ∆sakA mutants were more sensitive to cell wall damaging agents (Bruder Nascimento et al., 2016) . The distribution of β-1,3-glucan and chitin content on the cell surface of these mutants was altered when compared to the wild type. The ∆sakA, ∆mpkC and ∆mpkC ∆sakA mutant strains have more abundant β-glucans than the wild-type, and the chitin content was higher in the ∆mpkC and lower in ∆sakA and ∆mpkC ∆sakA. Moreover, the single mutants ∆sakA and ∆mpkC were virulent in a low dose murine infection model and the double ∆mpkC ∆sakA had highly attenuated virulence in the same model of infection (Bruder Nascimento et al., 2016) . In this work we showed that ∆sakA, ∆mpkC and ∆mpkC ∆sakA displayed reduced exposure of GAG in the cell wall. All these results suggest that the mitogen-activated protein kinases of the HOG pathway play an important role in the CWI pathway and biofilm formation in A.
fumigatus. However, which transcriptional factors are activated downstream of the SakA and MpkC during the cell wall stress response and biofilm formation is still unknown. Previously, our group showed that deletion of the SitA and PtcB phosphatases activated the cell wall integrity pathway in A. fumigatus and this event was linked to suppression of ECM production and biofilm formation (Bom et al., 2015; Winkelströter et al., 2015a) . PtcB is involved in the HOG pathway regulating the expression of osmo-dependent genes and phosphorylation of SakA. Moreover, ∆sitA and ∆ptcB had increased exposure of β-1-3 glucan and chitin in the cell wall and both these mutant strains were avirulent in a murine model of invasive pulmonary aspergillosis. The results presented here showed that ∆sitA and ∆ptcB have reduced exposure of mannose content in the cell wall and chitin and GAG were less abundant in the ∆ptcB and ∆sitA, respectively. All these modifications in the cell wall increase the MAP kinase, ptcB, and sitA mutant conidia phagocytosis by D. discoideum.
Here we investigated in detail the phosphatase-encoding gene PphA. The A.
fumigatus gene pphA codes for a Ser/Thr protein phosphatase PphA member of the PPP4 phosphatase family, which is homologous to yeast PPH3. In S.
cerevisiae, PPH3 forms a phosphatase complex Pph3/Psy2 and it is involved in the regulation of Non-Homologous End-Joining (NHEJ) Pathway. Pph3/Psy2 complex controls the cell cycle progression dephosphorylating the key protein Rad53p and allowing cell cycle to continue (Omidi et al., 2014 . In C. albicans, Pph3
dephosphorylates Rad53, a DNA checkpoint kinase that regulates effectors witch execute the stress response to DNA damage (Omidi et al., 2014) . The A.
fumigatus PphA phosphatase has a notable influence on the composition of the carbohydrates present in the cell wall. ∆pphA germlings have increased exposure of β-1,3 glucan, mannose and N-acetyl glucosamine, and the GAG and chitin content are reduced. Unexpectedly, when confronted with D.
discoideum, the ∆pphA deletion mutant conidia were less frequently phagocytosed than those of the parental wild-type strain.
The A. fumigatus ∆pphA strain was more sensitive to Congo Red (CR) and CFW than the wild type strain, and we also have observed its sensitivity to lower caspofungin concentrations. PphA also had an important impact on the cell surface, conidia adhesion, and biofilm formation, features usually associated with the CWI pathway. Germlings of ∆pphA showed similar adherence to polystyrene and fibronectin-coated plates compared to the wild type. However, adhesion assay with conidia displayed significant reduction in adherence. Again, these results show that conidia and hyphae may exhibit differences in surface carbohydrates that result in alterations in important mechanisms during the host infection process, including adhesion properties.
Immunoblot analysis showed that MpkA and SakA phosphorylation in response to CR and osmotic stresses are not affected by PphA. Moreover, our results demonstrated that ∆pphA and wild-type showed similar growth in presence of protein kinase C inhibitors. The activation of the CWI in fungi is dependent of the protein kinase C-mediated mitogen-activated protein kinase (PKC1-MAPK)
pathway (Monge et al., 2006; Levin, 2005) . Thus, more studies are required to understand which signaling pathways are being regulated by this phosphatase under cell wall stresses.
In this work, we demonstrated that PphA contributes to virulence of A.
fumigatus. Comparative analysis of wild-type and the mutant strain in a neutropenic murine model of pulmonary aspergillosis showed that the ∆pphA is avirulent. The reduction of GAG and increased β-(1,3)-glucan in the ∆pphA cell wall can contribute to recognition of this strain by the host immune system and to induction of inflammatory responses. Corroborating this hypothesis, we observed that the cytokine Tumour Necrosis Factor alpha (TNF−α), released from macrophages in response to A. fumigatus exposure (Taramelli et al., 1996; Hayashi et al., 2005) , was increased in presence of the ∆pphA conidia.
In summary, this study shows that the loss of specific MAP kinases and phosphatases had striking effects on the cell surface, adhesion of the conidia and germlings, and biofilm formation in A. fumigatus. However, how the upstream sensors trigger the MAP kinase cascades and which transcriptional regulators are being activated during the biofilm formation need to be elucidated.
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